High speed x-ray imaging can be an important tool for observing internal processes in a wide range of applications.
RPM, demonstrated the system response to a high velocity/high contrast target. By gating the P-20 phosphor image from the X-ray image convertor with a second image intensifier (II) and using a 100 microsecond wide optical gate through the second II, enough prompt light decay from the x-ray image convertor phosphor had taken place to achieve reduction of most of the motion blurring. Measurement of the marker velocity was made by using video frames acquired at 500 frames/s.
The data obtained from both experiments
successfully demonstrated the feasibility of the technique. Several key areas for improvement are discussed along with salient test results and experiment details.
. INTRODtCTION
X-ray viewing of human anatomy is a common diagnostic tool for many diseases. Real time imaging of human subjects is commonly done using video recordings of the output phosphor of an image intensifier displayed at 30 full frames per second. In these application the x-ray beam is on continuously. Fast moving objects such as the human heart are typically imaged with pulsed x-ray sources to eliminate motion blur. Pulse widths of 4 msec and pulse rates of 30 frames per second using cine film or digital camera recordings is commonly used in cardiac angiography. These cineangiographic recordings typicaly have high radiation dose per frame in order to produce images with low quantum noise. In general, good image quality and acceptable radiation dose to the patient can be obtained in a sequence of about 200 frames irrespective of the frame rate.
Higher speed x-ray imaging techniques are required for some applications. For example, observation of knee joint compression starting with a heel strike and continuing for 100 ms is desired for testing a hypothesis related to causality of osteoarthrosis (Ref. 1) . The study of organ metabolic function might also benefit from high-speed imaging of radiolabled tracers that are used in nuclear medicine.
To implement high speed imaging, a new type of x-ray videography camera is required. The basic requirement of such a camera system is a frame rate of 1000 frames/s with an effective pixel array size of at least 256 X 256. The camera would typically be expected to record about 200 frames over a .2 second period.
An image gate width (shutter time) of no more that about 100 microseconds should be adequate to eliminate image smear.
Applying diagnostic technology developed for the underground nuclear testing program, we have carried out 500 frame/s imaging of a swinging pendulum to verify the basic concept. This was followed by demonstrated operation of the system at the Motion Analysis Laboratory, Henry Ford Health System, where a dynamic phantom was imaged.
Proof of Concept Experiment
As a proof of concept, we set up a high-speed imaging system at an x-ray testing site at Los Alamos using a 160kV x-ray generator and a 16-inch x-ray image intensifier (x-ray to light convertor) . A high-speed image intensified camera was used to record the output image from the convertor. Three cameras were tested in this initial experiment.
The first was a commercially available CCD camera operating at standard RS 170 television rates, which, although having too low a frame rate, provided a base line image for the tests. The second was the Los Alamos designed focus, projection, and scan, (FPS) 504 camera that was developed for the underground testing program in the 1970s and has proven to be a reliable diagnostic tool over the years (Ref
The third is a high-speed CCD camera, the GY6, which had evolved from a camera series that has been under development since the late 1980s for use in the underground testing program and has been used with success in a number of experiments (Ref. A block diagram of the experiment is shown in Figure 1. A satisfactory image was recorded by all three cameras.
The image of the pendulum recorded by the commercial CCD camera was found to have a higher resolution than that of the GY camera because of its much lower frame rate. The image recorded by the FPS camera has about the same resolution as the commercial camera. Both the GY and 504 cameras were judged to be adequate for further testing at the Henry Ford Health Systems.
Testing at the Bone and Joint Center Facility
A high-speed imaging facility is being established at the Bone and Joint Center of the Henry Ford Health System to study the dynamics of joint loading, particularly the knee, and the forces on joints during normal activities such as walking or running. The experimental facility consists of dual x-ray sources, and dual x-ray image intensifiers.
The x-ray source is single shot with a pulse length of 100 ms, and is operated by a floor mounted force plate. Due to time constraints, a noise problem which developed in the GY camera could not be corrected so that only the 504 camera was tested in the SPIE Vol. 2273 / 87 facility.
The 504 camera was configured to operate at 500 frames/s (2 ms/frame) and the optimal image intensifier gate width was 100 microseconds.
The block diagram of the experiment is basically the same as given in Figure   1 .
The target used for the dynamic tests was a 9-inch diameter rotating acrylic disk embedded with lead markers, attenuated by 0.75 inches of Aluminum. The speed of rotation was assumed to be 1000 revolutions per minute based on previous measurements. A sequence of 4 typical images taken by the 504 camera (out of a total of 40) of the rotating disk target is shown in Figure 2 .
The sequence is taken at 2 ms intervals during the 100 ms x-ray pulse. A distinct image of the three 0.25 inch diameter lead markers, which are placed radially on the disk, is shown in the figure. The displacement of the row of markers during each 2 ms frame time is directly related to the In experiments with human subjects, it would be desirable to replace the 100-ms single shot x-ray source with a pulsed source synchronized to emit only during the camera gating time.
This would significantly reduce the x-ray dose. X-ray pulse widths in the range of 10 to 100 microseconds are expected to be adequate for the application.
A second technical issue that needs to be addressed is developing an image converter having a faster decay phosphor, such as P-46.
This would provide a reduction in decay artifacts from the image captured by the high-speed camera. Finally, cameras capable of higher resolution such as 512x512, with a dynamic range of 1000:1, and nominally 1000 frames/s are needed for the accuracies required by the measurement. Two fainter images across the line scan are due to the P-20 phosphor decay and phototarget decay after 2 ms and 4 ms respectively.
